Vascular injury is an unusual and serious complication of transsphenoidal surgery. We aimed to define the role of angiography and endovascular treatment in patients with vascular injuries occurring during transsphenoidal surgery.
Introduction
Transsephenoidal surgery (TSS) has become increasing popular in sellar tumor treatment. Hemorrhagic complications during or after transsphenoidal surgery are rare, but when they occur they may lead to permanent disability or death 1 . Although experience and thorough knowledge of the relevant anatomy can prevent many potential complications associated with TSS, the risk of arterial injury cannot be completely eliminated, especially given the large number of such procedures performed and the complexity of certain cases.
Traditionally, emergency surgical ligation has been used to treat internal carotid artery (ICA) injury. This treatment itself, however, is associated with an unacceptable incidence of major complications, such as death and stroke 2,3 , and it is often an ineffective or even harmful treatment for ICA injury. Recent advances in endovascular techniques have, however, created alternatives to this traditionally high-risk technique 3 . We aimed to define the role of endovascular treatment in patients with vascular injuries occurring during TSS.
Materials and Methods
We retrospectively studied the medical records and angiographic findings of nine patients (four women, five men; age range, 18-71 years, mean 54 years) with vascular injury after TSS. The patients were referred for diagnosis or endovascular treatment of vascular injury from either three state training hospitals or one university (our center) hospital in our city, or three other university hospitals located in the neighboring cities. Postoperative angiography was performed early after surgery in five patients or after a delayed period in four patients. Angiographic findings were labeled as showing carotid occlusion, stenosis, carotid cavernous in our population. One PAO was applied on the posterior communicating artery (PCA) P1 segment PA (case 1) without vascular compromise because of the good collateral supply from the PCA. Another PAO was applied on the ACA A1 segment PA (case 5) (the ipsilateral ICA had been clipped before); the patient experienced moderate (thanks to good pial collaterals) hemiparesia. The remaining four PAOs were applied on the cavernous ICA. The collateral circulation was assesses successfully by contralateral carotid and one vertebral angiography and by ipsilateral manual carotid compression in two of these four patients. The detachable coils were used as embolization devices in these four PAO patients. The technique consisted of filling the aneurysm first and then sealing the parent artery. After unsuccessful manual compression or suspicion of insufficient collateral circulation with compression, the last two patients had balloon occlusion of the ICA. A 30 minute occlusion test was performed, during which tolerance was assessed by clinical exami-fistula, pseudoaneurysm, and contrast extravasation. Opacification of a pouch was labeled as pseudoaneurysm (PA), while unusual extension of contrast medium without any shape was defined as extravasation.
Results
Patient information, presenting symptoms, bleeding episodes, angiographic findings, treatment and outcomes are summarized in Table 1 .
Among the nine cases, intraoperative arterial injury occurred in six patients. Two of the six events resulted in early termination of the operation. The remaining three patients had no evidence of vascular injury during the operation, but became symptomatic later. Four of the eight symptomatic patients presented in the late postoperative period; two severe epistaxis, one SAH, and one exophthalmos.
Parent artery occlusion (PAO) was the main endovascular strategy (six out of nine patients) subsequently result in pseudoaneurysm (PA) formation, even if the artery appears to be structurally intact, packed, and not bleeding intra-operatively 2 . Fortunately, vascular injuries are uncommon in TSS, estimated to occur in just 1.1% of all cases 5 . Other conditions associated with increased risks of vascular injury include anatomic variants of the sphenoid bones, tumor invasion of the cavernous sinus, tumor adhesion to the ICA, and distortion of the local anatomy 6 . As such, it is critical to remain in the midline during TSS, and the vomer ridge can be used as an important landmark. Extreme care must be exercised at the boundaries of the tumor, especially laterally, during all aspects of the operation 2 . In a series of 3,061 TSS, just one case of PA development was reported 7 . Similarly, another study of surgical complications in a series of 146 patients with pituitary adenomas undergoing TSS noted only a single case of PA formation 8 . In case of vascular injury during TSS, prompt recognition and emergency treatment are essential for avoiding further complications such as rupture of PA, subarachnoid or extradural hemorrhage, stroke due to thromboemboli, and even death 9, 10 .
In the event of intraoperative carotid injury, the carotid artery is compressed to give sufficient time for tamponade with a variety of materials (including Surgicel, muscle plugs, tissue adhesives), which are held in place by closing the sellar window with a piece of cartilage or bone. If significant bleeding occurs during or after a TSS, even after successful intraoperative tamponade, immediate vascular imaging should be obtained and the clues of vessel wall damage must be sought 2, 4, 6 . Moreover, if intraoperative packing was utilized for hemorrhage control, any radiographic studies that appeared normal with the packing in place should be repeated later regardless of pack removal 4 . According to the literature, ICA injuries typically present at the time of initial injury 2 . Our findings are consistent with the literature: six out of nine cases in our review were characterized by substantial intraoperative vascular injury. Fatal or lifethreatening epistaxis occurred as much as two and ten years after TSS. These delayed events, despite satisfactory initial control, illustrate the need to examine all patients by vascular imaging after TSS that has been complicated by profuse bleeding or followed by epistaxis. Threedimensional magnetic resonance or computed tomography angiography have been suggested as a quick, non-invasive surveillance methods nation, and collateral circulation was assessed by angiography, using the contralateral femoral artery. After passing the test occlusion, the balloon was detached at the cavernous ICA and a second security balloon detached at the petrous ICA. PAO of the ICA was performed without permanent complications and without recurrence. Only one patient (case 9) had transient hemiparesis 24 hours after balloon occlusion with no sequel. Besides the six PAOs and one conservative patient, the vascular injury of the remaining two patients was treated by parent artery preservation. We used a stent-assisted coiling technique in one PA located on the basilar artery (case 2) and covered stent implantation across the vascular defect in a carotid cavernous fistula (CCF) patient (case 4). All endovascular treatments but one were performed under emergency conditions without any special preparations. The last patient with vascular injury (case 4) presenting one month after TSS (15 days after initiation of symptoms) was managed electively. Due to being in the late phase of vascular injury, this patient was loaded with 450 mg clopidogrel and 100 mg aspirin six hours before the procedure, and a covered stent was deployed successfully with fistula occlusion.
The follow-up period varied from 30 days to ten years. None of the patients re-bled during the follow-up period.
One patient died of complications related to primary and associated pathology even after permanent endovascular bleeding control (case 6). One patient had residual deficits at followup (case 5), the remaining seven patients had a good outcome.
Discussion
Due to the proximity of the cavernous ICA to the bony wall of the sphenoid sinus and sella, the vessel is particularly susceptible to injury during transsphenoidal procedures, which has the potential to lead to catastrophic complications. Depending on the tortuosity of the cavernous carotids, both sides may actually come into contact centrally within the sella ("kissing carotids"), just behind the dura mater. In such circumstances, they are especially vulnerable to injury when the sellar dura is opened and the pituitary lesion exposed. Therefore, perforation or laceration of the cavernous ICA are the most common types of injury in TSS 4 .
This kind of direct trauma to the carotid can sociated with complete carotid occlusion, carotid stenosis, and basilar artery compression, and it may have contributed to postoperative ophthalmoplegia and optic nerve injury in some cases 11 . These secondary complications appear difficult to prevent, since packing has to continue until life-threatening hemorrhage is effectively controlled. One of our patients (case 7) had a focal ICA cavernous segment stenosis well-suited for this purpose 10 . However, it should be kept in mind that digital subtraction angiography is the gold standard for vascular diagnosis, especially in intracranial circulations. Life-threatening perioperative bleeding was controlled initially in all cases by vigorous packing with a variety of materials. Packing may be difficult when all bony structures are destroyed by giant invasive lesions. "Over-packing" was as- rary host reaction, such as local spasm, mural hematoma, dissection, or partial thrombosis. Possible recanalization may expose the patient to risks of cerebral emboli, PA formation, and recurrence of hemorrhagic episodes. Intraluminal thrombus with embolic consequences was encountered in one patient with carotid dissection (case 3). We now consider this finding to be a significant lesion that should be treated by permanent balloon occlusion of the parent artery, if there is a good collateral circulation.
Four patients (two ICA, one basilar artery, one ACA A1 segment) had the typical angiographic appearance of a PA. These lesions have been reported in patients after TSS 4-6 . This is without clinical consequences due to the overpacking. Although most arterial injuries were recognized and controlled at the time of TSS, three patients had vascular lesions that remained unnoticed until they caused massive epistaxis (two patients) and SAH (one patient). Five other patients thought to have been controlled intraoperatively, later became symptomatic (two epistaxis, one SAH, one CCF, one hemiparesia).
Carotid occlusions and stenoses on postoperative angiograms are probably caused either by tight packing or arterial wall injury. Reversibility of the occlusion, variations in the degree of stenosis, and return to a normal appearance in time suggest a variable and possibly tempo- rysm rupture and even death 15, 17 . Therefore all patients undergoing parent artery-sparing treatment must be followed up angiographically within six months after treatment.
In terms of covered stent-grafts, numerous reports documenting success are available in the literature 18, 20, 21 . However, this covered stent is not designed for intracranial use and some concern exists regarding its long-term safety and efficacy. Nonetheless, a recent study documented the successful use of a new covered stent, designed for the intracranial vasculature, in eight patients with intracranial carotid PA 22 . In case of CCF with favorable vascular anatomy, the balloon expandable stent-graft may be an alternative option as a parent artery-sparing technique, as in case 4 in our series. Occlusion with detachable balloons and simple or stentassisted coil occlusion of the fistula are other available parent artery-sparing techniques in case of CCF.
Conclusions
The presence of either an intraoperative suspicion of vessel injury or any neurologic symptoms/bleeding after TSS must prompt us to perform a rapid search for vascular injury with subsequent emergency endovascular treatment. Parent artery occlusions appear to be a definitive treatment method with good clinical results in most patients. Patients should be treated on a case-by-case basis, with optimization of the available resources.
the most dangerous vascular complication and since it is not a real aneurysm and lacks a wall, it should be treated by PAO 4 . An attempt at endovascular occlusion of a PA with preservation of the carotid artery has been reported 12 . Similarly, attempts to preserve the carotid artery in cases of carotid cavernous fistulas have been reported followed by massive epistaxis [4] [5] [6] .
Considering PAO, the detachable balloon technique is well-established and has been practised for many years 9, 13, 14 . Controlled endovascular occlusion is more predictable than intraoperative occlusion by packing and permits a test occlusion of the carotid artery to minimize ischemic complications. Carotid occlusion under emergency conditions is not without risks. One of our patients suffered transient ischemic complications despite a negative test occlusion. It is worth noting that five to 20% of patients who tolerate balloon test occlusion will still have ischemic complications after ICA occlusion 15 . Despite an incomplete circle of Willis, we elected to sacrifice the parent artery in one patient (case 5) for anatomical reasons.
There is a wide variety of endovascular techniques, other than PAO, which may be employed to treat vascular injuries after TSS, including coil embolization 8, 10, 16 , stent-assisted coiling 6, 17 , covered stent placement 18 , and Onyx embolization 19 , most of which were utilized by the cases in this series. With regard to treatment with parent artery-sparing options as mentioned above, delayed-onset recanalization over the course of many months is a well-documented phenomenon that may lead to aneu- 
